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Remediation of uranium-contaminated sediments through in
situ stimulation of bioreduction to insoluble UO2 is a potential
treatmentstrategyunderactive investigation.Previously,wefound
that newly reduced U(IV) can be reoxidized under reducing
conditions sustained by a continuous supply of organic carbon
(OC) because of residual reactive Fe(III) and enhanced U(VI)
solubility through complexation with carbonate generated through
OC oxidation. That finding motivated this investigation directed
at identifying a range of OC supply rates that is optimal for
establishing U bioreduction and immobilization in initially oxidizing
sediments. The effects of OC supply rate, from 0 to 580 mmol
of OC (kg of sediment)-1 year-1, and OC form (lactate and acetate)
on U bioreduction were tested in flow-through columns
containing U-contaminated sediments. An intermediate supply
rate on the order of 150 mmol of OC (kg of sediment)-1

year-1 was determined to be most effective at immobilizing U.
At lower OC supply rates, U bioreduction was not achieved,
andU(VI)solubilitywasenhancedbycomplexationwithcarbonate
(from OC oxidation). At the highest OC supply rate, the
resulting highly carbonate-enriched solutions also supported
elevated levels of U(VI), even though strongly reducing conditions
were established. Lactate and acetate were found to have
very similar geochemical impacts on effluent U concentrations
(and other measured chemical species), when compared at
equivalent OC supply rates. While the catalysts of U(VI) reduction
to U(IV) are presumably bacteria, the composition of the
bacterial community, the Fe-reducing community, and the sulfate-
reducing community had no direct relationship with effluent
U concentrations. The OC supply rate has competing effects of
driving reduction of U(VI) to low-solubility U(IV) solids, as
well as causing formation of highly soluble U(VI)-carbonato
complexes. These offsetting influences will require careful control
of OC supply rates in order to optimize bioreduction-based U
stabilization.

Introduction

Uranium contamination of soils and sediments has become
a critical problem at numerous sites used for production of
nuclear fuels and weapons. Various strategies for remediation
and long-term stewardship of U-contaminated sediments
and groundwaters are under active investigation, including
approaches based on in situ bioreduction of U (1-3). The
goal of in situ bioreduction is to stimulate indigenous
microbial communities to reduce soluble U(VI) to insoluble
U(IV) solids, thereby decreasing U concentrations in ground-
waters below the maximum contaminant level (MCL; for 238U,
MCL ) 10 pCi L-1 ) 0.13 µM). A variety of microorganisms
capable of reducing U(VI) have been identified (3), including
Fe(III) reducers (1) and sulfate reducers (4, 5). In order to
accelerate U bioreduction, organic carbon (OC) is provided
as an electron donor and growth substrate for indigenous
microbial communities. However, these beneficial influences
of OC addition can be offset by increases in inorganic carbon
(IC) concentrations resulting from stimulating microbial
respiration. Increased (bi)carbonate concentrations drive
aqueous U(VI) concentrations to higher levels through
formation of stable U(VI)-carbonato complexes, even under
reducing conditions and in the presence of active U-reducing
bacterial communities (6, 7). The impact of OC oxidation on
enhanced U(VI)-carbonate solubility under well-established
reducing conditions was recently demonstrated. A subset of
sediment columns from our previous work (6) was main-
tained under reducing conditions and then switched to
individually different OC supply rates. Under sustained
reduction, lower U solubility was achieved with lower OC
supply rate because of decreased formation of soluble
U(VI)-carbonate complexes, while increased OC supply rates
led to greatly increased U concentrations for the same reason
(8). Thus the success of in situ U bioreduction in sediments
is not assured by simply supplying OC at rates high enough
to generate reducing conditions. This previously unrecog-
nized side effect of OC-stimulated bioreduction can impair
attempts at remediating groundwater to below the uranium
MCL and points to the importance of determining whether
an optimal, intermediate level of OC supply exists for
effectively reducing aqueous U concentrations in initially
oxidizing, contaminated sediments.

Stimulation of in situ U bioreduction can also depend on
the form of OC supplied and sediment geochemistry. Under
acidic conditions, glucose has been reported to be more
effective in stimulating Fe(III)-reducing bacteria than lactate
and acetate (9). Acetate has been used in numerous tests
because of its efficiency in stimulating Fe-reducing microbial
populations (2). Ethanol has been reported to promote more
rapid U(VI) reduction than acetate or lactate in a batch study
(10) and has been used to stimulate U bioreduction in column
(11) and field (10) experiments. For Desulfovibrio desulfu-
ricans, reduction rates of U(VI) in multidentate aliphatic
complexes were slower than in monodentate aliphatic
complexes, but with Shewanella alga, faster U reduction rates
were achieved with multidentate aliphatics (12).

This study was conducted to test the hypothesis that U
bioreduction and removal from pore waters in initially
oxidizing sediments will be most effective with an interme-
diate (rather than high) rate of OC supply, because microbial
oxidation of excessive OC favors the formation of soluble
U(VI)-carbonate complexes. While we relied primarily on
column experiments, geochemical modeling was also per-
formed for characteristic conditions in order to gain more
insights into impacts of increased IC. In addition to this
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primary goal, this study sought to determine whether
responses differ when the OC is supplied in the form of either
acetate or lactate (two carboxylic acids used in various studies
on U biorection) and whether remobilization of bioreduced
U is directly dependent on the composition of the microbial
community.

Materials and Methods
Sediment Columns. Historically U-contaminated sediment
was provided by the U.S. Department of Energy’s Environ-
mental Remediation Science Program (ERSP) Field Research
Center (FRC) at Oak Ridge National Laboratory. This sediment
came from the same contaminated area from which samples
were collected for our previous study (6) and had a total U
concentration of 1.08 mmol kg-1 (X-ray fluorescence analysis,
XRF). Geochemical analyses of the sediment are provided in
Table S1 in Supporting Information. Moist sediment was
passed through a 4.75 mm sieve and homogenized prior to
packing into 26 columns, each to a porosity of 0.51. The 200
mm long, 31.5 mm inner diameter polycarbonate columns
were similar to those used previously (6). Platinum wire redox
electrodes were embedded into the walls of most columns
at distances of 50, 100, and 150 mm. Redox potentials were
periodically measured with Pt electrodes referenced to a
calomel electrode tapped into the outflow end of each
column. Columns for one set of lactate treatments (from 0
up to 100 mM OC) were designed with Kapton windows in
order to obtain X-ray absorption spectra of U, Fe, and Mn
(13). A parallel set of identical columns (without Pt electrodes)
was run simultaneously for microbial community analysis.
All columns were kept in an N2-purged glovebox throughout
the study.

Influent and Effluent Solutions. The background ionic
composition of influent solutions was based on the com-
position of uncontaminated groundwater from the Oak Ridge
FRC. Its major ion chemistry consisted of 0.83 mM Ca2+, 0.20
mM Mg2+, 2.00 mM Na+, 0.10 mM K+, 2.1 mM Cl-, 1.00 mM
HCO3

-, 0.50 mM SO4
2-, and 0.05 mM NO3

-; the ionic strength
was 5.68 mM, and pH ) 7.3. Low levels of NO3

- and SO4
2-

were included in these solutions because of their natural
occurrence in groundwater, and therefore their likely influ-
ence on remediation strategies that involve injection of OC-
amended local groundwater. Sodium lactate and sodium
acetate were added to these salt solutions to contain 0, 3, 10,
30, and 100 mM OC; all solutions were prepared with filtered
deionized water in autoclaved containers. Duplicate columns
were run for 0 mM OC and for each lactate and acetate
concentration (3, 10, 30, and 100 mM). Solutions were
supplied via syringe pumps at an average pore water velocity
of 8.2 mm day-1 (24 day residence time). After columns were
supplied with 2 pore volumes (1 PV ) 79.5 mL) of the 0 mM
OC solution, infusion with different OC concentration
solutions (including continuation of one column with 0 mM
OC) was initiated. The combination of influent OC concen-
trations and pump rate yielded column-averaged supply rates
ranging from 0 to 1.4 mmol of OC kg-1 day-1. Effluents were
collected with a fraction collector and periodically analyzed
for U (kinetic phosphorescence analyzer KPA-11, Chemchek),
OC and inorganic C (IC) (TOC-V-CSH, Shimadzu), and other
major elements (inductively coupled plasma, ICP).

Geochemical Modeling. Increases in bicarbonate con-
centration and PCO2 resulting from OC oxidation affect
aqueous U concentrations through increasing concentrations
of numerous U(VI)-carbonate complexes. Local equilibrium
was assumed, and changes in effluent U species response to
increases in PCO2 during the late stage in this experiment
(12-16 PV) were calculated with PHREEQC2.12 (14), by use
of the Nuclear Energy Agency database (15) and the stability
constants for aqueous CaUO2(CO3)3

2- and Ca2UO2(CO3)3 of
Dong and Brooks (16). The pH and major ion composition

characteristic of late-stage effluents were used for these
calculations as described in Supporting Information. Al-
though some U(VI)-OC complexes are likely to be present
in effluents, they were not included in calculations because
preliminary simulations showed that the U(VI)-carbonate
complexes were overwhelmingly dominant. For oxidizing
conditions, the modeled total U(VI) concentration was
equated with the exchangeable U determined by the (bi)
carbonate method recommended by Kohler et al. (17),
because significant fractions of the total U inventory in
contaminated sediments can be relatively refractory. The
(bi)carbonate-extractable U amounted to 59.2% ( 0.4% of
the total U and may overestimate the exchangeable inventory
because the extractions were done on samples that became
dry during storage. U(VI) sorption was assumed to occur on
ferrihydrite-like sites, with the citrate-dithionite-bicarbonate-
extracted Fe used as an estimate of ferrihydrite Fe (18). Values
of ferrihydrite specific surface area, site densities, and binding
constants (Supporting Information) used in generalized two-
layer model calculations are taken from Dzombak and Morel
(19), Parkhurst and Appelo (14), Appelo et al. (20), and Payne
(21). For the reducing case, U solubility was assumed to be
controlled by UO2(am). Although sorption of U(VI) under
reducing conditions is likely to be important (22), surface
complexation was not included in these calculations because
of large uncertainties associated with binding site densities.

DNA Extraction and Amplification. Nucleic acids were
extracted from sediment samples collected from the set of
columns designated for microbial analysis at 5.9 and 12.1 PV
relative to OC start, near the outlet of the columns. DNA was
extracted via a modification of the fast DNA SPIN kit for soil
(MP Biomedicals, Irvine, CA) (see Supporting Information).
16S rDNA gene amplification was performed by use of primers
27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-
GGTTACCTTGTTACGACTT-3′). Each PCR reaction contained
1× Ex Taq buffer (Takara Bio Inc., Japan), 1.25 units of Ex
Taq polymerase, 200 µM each dNTP, 2.5 µg of bovine serum
albumin (BSA), 300 nM each primer, and 100 ng of DNA
template in a final volume of 50 µL. PCR conditions were 95
°C (3 min), followed by 25 cycles of 95 °C (30 s), 48-58 °C
(25 s), and 72 °C (2 min), followed by a final extension 72 °C
(10 min). Each DNA extract was amplified in eight replicate
50 µL reactions spanning a range of annealing temperatures
between 48 and 58 °C. Amplicons from the eight reactions
were pooled, precipitated with 2-propanol, washed with
ethanol, and resuspended to 50 µL.

High-Density Oligonucleotide Array Analyses. From each
pool of 16S rRNA gene amplicons, 2 µg was prepared for
hybridization to the PhyloChip as previously described (7).
Target fragmentation, biotin labeling, PhyloChip hybridiza-
tion, scanning, and staining were as described by Brodie et
al. (7), while background subtraction, noise calculation, and
detection and quantification criteria were as reported in
Brodie et al. (7) with some minor exceptions. For a probe
pair to be considered positive, the difference in intensity
between the perfect match (PM) and mismatch (MM) probes
must be at least 130 times the squared noise value (N). A
taxon was considered present when 90% or more of the probe
pairs for its corresponding probe set were positive (positive
fraction g0.90). The OTU (operational taxonomic group)
grouping was used for PhyloChip output, which consists of
one or more sequences with typically 97-100% sequence
homology.

Statistical Analysis of Bacterial Communities. Two
functional groups were identified as a subset of the PhyloChip
results: iron reducers and sulfate reducers. Only taxa that
have been previously shown to carry out these functions
were considered, although it is likely that other taxa fall into
these functional groups. OTUs that conserve energy by iron
reduction were identified by referencing Lovley et al. (23)
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(see Table S4 in Supporting Information). OTUs that are
capable of sulfate reduction were identified by referencing
Rabus et al. (24) (see Table S5 in Supporting Information).
For analysis of the bacterial communities, nonmetric mul-
tidimensional scaling (NMDS) was used within the com-
munity ecology package vegan 1.8-5 for R (25). The function
metaMDS from the vegan library was used, which applies
Bray-Curtis dissimilarities as a measure of ecological distance
and first performs a square root transformation and then a
Wisconsin double standardization (26). To determine whether
community structures were associated with local column
redox, average column redox, IC effluent concentrations, or
U effluent concentrations, linear regressions were performed
against NMDS axis scores and environmental variables. U
and IC concentrations were measured from the replicate set
of columns designated for microbial analysis at PV 5.6 and
12.0 relative to OC start. Average redox values were calculated
as the average of six redox measurements (three locations
within duplicate columns) and designated as Eh average; local
redox values were calculated as the average of two redox
measurements (“top” location within duplicate columns) and
designated as Eh local. Eh local is the portion of the column
from which sediments were sampled for microbial nucleic
acid analysis. Eh measurements were taken at PV 5.8 and
12.7 relative to OC start. Bacterial community analyses were
performed on identical, replicate sets of columns that did
not have Pt electrodes, and thus have no direct Eh

measurements.

Results and Discussion
Redox Potentials. Redox potential measurements indicated
that oxidizing conditions were characteristic of all columns
at the beginning of the experiment. Average redox potentials
(relative to the standard H electrode reference) are shown
as time trends in Figure 1a. Each data point in Figure 1a is
an average of six redox measurements (three locations within
duplicate columns) obtained at a specific time. These time
trends generally show responses to each of the different levels
of OC supply rate but are insensitive to whether OC was
delivered as lactate or acetate. After about 100 days of
exposure to different solutions, redox potentials within
individual columns became fairly stable, with more reducing
conditions measured within sediments with higher rates of
OC supply. Without infusion of OC, and even with OC
supplied at 0.04 mmol kg-1 day-1 (3 mM OC), redox potentials
measurements in sediments remained moderately oxidizing.
Calculated Eh values for various redox couples, based on
conditions indicated in the caption, are shown along the
y-axis. The time trends in redox potentials suggest that the
0.14 mmol kg-1 day-1 (10 mM OC) sediments are insufficiently
reducing to immobilize U as U(IV), whereas the 0.42 and 1.4
mmol kg-1 day-1 (30 and 100 mM OC) sediments are.

Within individual sediment columns, relatively stable
redox profiles were measured after about 130 days of infusion.
Uniformly oxidizing conditions without infusion of OC,
uniformly reducing conditions in the 0.42 and 1.4 mmol kg-1

day-1 (30 and 100 mM OC) sediments, and redox gradients
in the 0.14 and 0.04 mmol kg-1 day-1 (10 and 3 mM OC)
sediments are shown in time-averaged (from 5.9 to 12.7 PV)
data in Figure 1b.

Carbon in Effluents. The total dissolved C concentrations
in effluents from the sediment columns were roughly
proportional to their respective influent OC concentrations.
Total dissolved organic carbon (TOC) and inorganic carbon
(TIC) concentrations in effluents from the columns supplied
with lactate and acetate (0-100 mM) are shown in Figure 2.
The breakthrough curves for TOC reflect greater degradation
of lactate (Figure 2a,c) than acetate (Figures 2b,d) up to about
140 days (6 PV), after which both OC forms were oxidized at
similar rates. Sediments receiving solutions lacking either

form of OC nevertheless had average effluent TIC of 2.5 mM
(1.5 mM in excess of influent bicarbonate levels), indicative
of native sediment organic matter oxidation. Although nearly
all of the OC supplied after about 200 days (9 PV) was depleted
in effluents, the effluent TIC accounts for only about 50% of
the C balance at the higher supply rates. This is similar to
the TIC/TOC balance in effluents measured in a previous
experiment (sediment supplied with 32 mM lactate) (6).
Effluents from the present experiment contained low con-
centrations of CH4 (e0.01 mM) for systems supplied with
e10 mM OC, and variable but elevated CH4 (2-26 mM) for
systems supplied with 30 and 100 mM OC.

Uranium. Time trends in effluent U concentrations
showed strong dependence on the OC supply rate but
insignificant differences with respect to OC type. At equimolar
C supply rates of lactate and acetate, time trends in effluent
[U] were very similar (compare Figure 3 panels a and b). The
greater variability among U concentrations in duplicates of
lactate-treated sediments (Figure 3a) appears to have resulted
from periodic stopping of flow when one set of these columns
was sent to synchrotron facilities for X-ray absorption

FIGURE 1. Redox potentials measured within sediment columns
(referenced to standard H electrode). (a) Time trends of
column-averaged redox potentials. Numbers following L
(lactate) and A (acetate) denote influent OC concentrations
(millimolar). Data points are slightly offset along the time axis
for clarity in cases with overlapping values. (b) Redox potential
profiles within sediment columns at later stages (time >100
days). Range bars indicate standard deviations. Also shown
along the Eh axis are calculated potentials (at pH 7.5,
characteristic of effluents) for (1) nitrate reduction [NO3

- ) 1
µM, P(N2) ) 0.8 atm], (2) Mn(IV) reduction [pyrolusite, Mn2+ )
10 µM], (3) nitrite reduction to ammonia [equimolar N species],
(4) Fe(III) reduction [ferrihydrite, Fe2+ ) 1 µM], (5) U(VI)
reduction [Ca2UO2(CO3)3 ) 1 mM, U(IV) ) UO2(am), pCO2 )
2-1.5, and Ca2+ ) 0.1-1.0 mM], and (6) sulfate reduction to
pyrite [1 µM Fe2+, 0.1 mM SO4

2-].
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spectroscopy (XAS) measurements (13). All columns treated
at the two highest OC supply concentrations (30 and 100
mM) exhibited rapid declines in [U], followed by transient
increases back to intermediate concentrations. This phe-
nomenon was identified in our previous study (6), where we
showed that U(IV) was reoxidized, and we hypothesized that
a residual reactive Fe(III) or Mn(III,IV) phase persisted long
enough to drive U(IV) reoxidation. Manganese XAS analyses
on a subset of the present sediment columns showed that
Mn(III,IV) phases were fully reduced to Mn(II) and thus were
unlikely to drive the observed U(IV) reoxidation (13). Iron

and uranium XAS results from that study support transient
U(IV) reoxidation by Fe(III).

Complex effects of OC supply rate on effluent U con-
centrations were reproducibly observed in both the lactate-
and acetate-treated sediments. Supply rates of 0.04 and 0.14
mmol of OC kg-1 day-1 (3 and 10 mM OC) were insufficient
for generating strongly reducing conditions but resulted in
proportional increases in bicarbonate (IC) concentrations
(Figure 2c,d), which drove more U(VI) into the effluent (Figure
3a,b). Thus, at lower rates of OC supply, effluent U con-
centrations increase relative to control conditions (0 mM

FIGURE 2. Time trends in effluent carbon concentrations. (a, b) Effluent OC concentrations in columns supplied with (a) lactate and
(b) acetate. (c, d) Effluent IC concentrations in columns supplied with (c) lactate and (d) acetate. Range bars indicate standard
deviations.

FIGURE 3. Time trends in effluent uranium concentrations in sediment columns supplied with (a) lactate and (b) acetate. Range bars
indicate standard deviations.
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OC) through carbonate-driven U(VI) desorption. At higher
rates, 0.42 and 1.4 mmol of OC kg-1 day-1 (30 and 100 mM
OC), strongly reducing conditions are established, and the
lower solubility of U(IV) causes effluent U concentrations to
decrease. However, the resulting proportionally higher IC
concentrations still drive U(VI) desorption and enhance
solubility of important aqueous U(VI) species. Therefore, the
highest levels of OC supplied generated the highest IC levels
and supported elevated U(VI) concentrations in reducing
effluents. Thus lowest effluent U concentrations were
achieved with the intermediate rate of OC supply (30 mM
solutions, 0.42 mmol of OC kg-1 day-1), not with the highest
rate (100 mM solutions, 1.4 mmol of OC kg-1 day-1).

Geochemical Calculations. The hypothesis that OC
oxidation and increased bicarbonate concentrations were
responsible for elevating aqueous U(VI) concentrations was
further examined through equilibrium geochemical calcula-
tions with PCO2 used as the independent variable. The
approximately steady-state geochemistry of these sediments
and effluents were separated into cases; one where U(VI)
reduction was insignificant (0, 3, or 10 mM OC) and the other
where U(VI) reduction was important (30 or 100 mM OC).
Comparisons between equilibrium calculations and mea-
sured characteristic steady-state effluent U concentrations
are shown in Figure 4 for (a) oxidizing and (b) reducing
conditions. Modeled total aqueous U concentrations were
not expected to closely match measured effluent U con-
centrations because of the approximations employed and
because no parameters were adjusted. More important in
these comparisons are the fairly good agreements between
calculated and measured trends for the PCO2 dependence of
effluent U concentrations. Model predictions show large
increases in aqueous U with increased PCO2, under both
oxidizing and reducing conditions, in good agreement with
experiments. The MCL for U is exceeded over all environ-
mentally relevant levels of PCO2 under oxidizing conditions
(Figure 4a), and even under reducing conditions when PCO2

becomes elevated (Figure 4b). The predicted importance of
aqueous U(VI) complexes with carbonate and Ca in these
types of effluents was supported by laser fluorescence
spectroscopy in an earlier study (6). It should be noted that
while the laboratory experiments and associated calculations
are specific to a U-contaminated sediment from Oak Ridge
National Laboratory, the impact of IC on U geochemistry is
much more generally important, especially in the ap-

proximately neutral to alkaline range of pH found in many
environments. When data on key parameters are available,
more complex biogeochemical modeling can be used to
efficiently predict U-OC-IC dynamics over a broader range
of conditions.

Microbial Communities. To evaluate the relationship
between the composition of bacterial communities and the
observed remobilization of bioreduced U, we used an
ordination technique, nonmetric multidimensional scaling
(NMDS). The ordination plots of the total bacterial com-
munity, Fe-reducing bacteria (FRB), and sulfate-reducing
bacteria (SRB) are presented in Supporting Information
(Figure S1). NMDS axis 1 and axis 2 ordination scores were
regressed against effluent U concentrations, local and average
redox values, and effluent IC concentrations (Table 1).
Significant correlations were found between the total bacterial
community composition and local column Eh (R2 ) 0.85),
average column Eh (R2 ) 0.69), and effluent IC (R2 ) 0.27)
along NMDS axis 2; but there was no significant relationship

FIGURE 4. Calculated effects of increased CO2 partial pressure from OC oxidation under (a) oxidizing conditions [pe ) 11.96, Ca2+ )
2.0 mM] and (b) reducing conditions [pe ) -3.23 to -3.35, Ca2+ ) 0.4 mM, equilibrium with UO2(am)]. Only concentrations of
dominant species and total calculated U are plotted for comparison with trends in measured U concentrations. Under both
conditions, increased PCO2 allows higher aqueous U concentrations.

TABLE 1. Relationships between Community Composition and
Local Redox Conditions, Average Column Redox Conditions,
Effluent Total Inorganic Carbon, and Effluent Uraniuma

R 2

variable NMDS axis 1 NMDS axis 2

Total Bacterial Community
Eh local 0.00 0.85***
Eh average 0.01 0.69***
IC 0.05 0.27*
U 0.21 0.13

Fe-Reducing Bacterial Community
Eh local 0.90*** 0.02
Eh average 0.71*** 0.00
IC 0.15 0.00
U 0.15 0.16

Sulfate-Reducing Bacterial Community
Eh local 0.51** 0.03
Eh average 0.48** 0.02
IC 0.13 0.11
U 0.04 0.17

a Significance is indicated by *p < 0.05, **p < 0.01, or
***p < 0.001.
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between bacterial community composition and effluent U
concentrations. Parallel analysis of the FRB community
revealed significant relationships with local column Eh (R2 )
0.90) and average column Eh (R2 ) 0.71) and the composition
of the FRB community along NMDS axis 1. Again, no
significant relationship could be detected between the FRB
community and effluent U concentrations. Similarly, analysis
of the SRB community found significant relationships with
local column Eh (R2 ) 0.51) and average column Eh (R2 )
0.48) and the composition of the SRB community along
NMDS axis 1. No significant relationship could be detected
between the SRB community and effluent U concentrations.

Remobilization of bioreduced U does not appear to be
directly associated with bacterial community composition.
This is consistent with the remobilization of bioreduced
uranium being primarily dependent on the concentration of
bicarbonate. The balance between bioreduction and bicar-
bonate-dependent remobilization must depend on the
capacity of the bacterial community to initially reduce U
and sustain its reduction. However, following Fe(III)-
catalyzed reoxidation of U(IV), subsequent U(VI) bioreduc-
tion may be inhibited by the formation of stable Ca-U-CO3

complexes (6) that are thought to be less energetically
favorable as electron acceptors (27). This may tip the balance
in favor of bicarbonate-dependent remobilization indepen-
dent of microbial community composition.

Implications. This study shows that establishment of U
bioreduction and maintenance of low aqueous U concen-
trations in contaminated sediments is strongly dependent
on the rate of OC supply because OC oxidation results in
dual impacts on U mobility. At low rates of OC supply, OC
oxidationtoIC,increasedstabilityofaqueousU(VI)-carbonate
complexes, IC-driven U(VI) desorption, and negligible U(VI)
reduction lead to significant increases in aqueous U(VI)
concentrations. At higher rates of OC delivery, U(VI) reduction
to much less soluble U(IV) is important, resulting in decrease
aqueous U(VI) concentrations at intermediate rates of OC
supply. However, increased OC supply invariably promotes
formation of soluble U(VI)-carbonates, thereby driving
aqueous U(VI) concentrations higher even while maintaining
U-reducing conditions. Even under optimal rates of OC
supply (between 0.14 and 1.4 mmol of OC kg-1 day-1 in this
system), initial rapid decreases in soluble U(VI) are followed
with large transient increases when terminal electron ac-
ceptors are present. Some common Fe(III) (hydr)oxides
capable of driving U(IV) oxidation (6, 28, 29) can be important
obstacles to immediate establishment of U reduction.
Subsurface microorganisms play two roles in this bioreduc-
tion-remobilization process. First, specific populations
mediate the reduction of U(VI) to U(IV). As consumers of the
OC supplied, the heterotrophic community produces CO2,
which then drives U(VI) complexation and increases aqueous
U(VI) concentrations. We find no evidence supporting direct
involvement of microbial catalysts in reoxidation of U(IV).
However, the net remobilization of U(VI) may be partly due
to diminished microbial reduction of the less energetically
favorable calcium-uranyl-carbonate complexes that result
from elevated IC. The high sensitivity to OC delivery rate
indicates that U bioreduction will not be a simple remediation
procedure to implement. Finally, the extremely long half-
life of 238U (4.5 × 109 years) needs to be considered in
evaluatingthesustainabilityofOC-basedinsituUremediation.
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